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1

SEMICONDUCTOR NANOWIRE AND ITS
MANUFACTURING METHOD

TECHNICAL FIELD

The present invention relates to a semiconductor nanowire
and a method for fabricating the same.

BACKGROUND ART

Researches and developments have been carried on exten-
stvely 1n order to reduce the feature sizes of transistors for
large-scale 1integrated circuits (LSIs) or thin-film transistors
(TFTs) for flat-panel displays. In a silicon semiconductor
process, fine line patterning with a design rule of 0.1 um or
less 1s realized by shortening the wavelength of an exposing
radiation source for use 1n a photolithographic process. How-
ever, according to the conventional photolithography tech-
nology, the feature size cannot be reduced unlimitedly. Also,
as the feature size has been reduced, the costs of exposure
systems and masking members have been rising steeply.

Meanwhile, carbon nanotubes (see Non-Patent Document
No. 1) and nanowires made of a material with semiconductor
type properties (see Patent Document No. 1) have attracted a
lot of attention recently. Carbon nanotubes and nanowires are
very small structures with a diameter of about 1 nm to about
100 nm and can be formed 1n a self-organizing manner. That
1s why with those carbon nanotubes or nanowires, a high-
performance electronic device of a nanometer scale could be
realized even without adopting those advanced photolithog-
raphy or etching technologies. For that reason, those nano-
structures are expected to contribute to manufacturing high-
performance devices at a reduced cost without resorting to
those complicated process technologies.

Hereinafter, a conventional method of growing nanowires
will be described with reference to FIGS. 18(a) through
18(c). According to the process shown 1n FIGS. 18(a) through
18(c), nanowires 1004 made of a first material and nanowires
1005 made of a second material are grown 1n the growing axis
direction. In this case, the first and second materials could be
cither mutually different materials or the same matenal
including the same dopant 1n two different concentrations.
Those nanowires can be grown by known vapor-liquid-solid
phase (VLS) growth mechanism.

According to the conventional growing method, first, as
shown 1n FIG. 18(a), catalyst particles 1001 are put on an
arbitrary substrate 1002. The catalyst particles 1001 may be
arranged by coating the substrate 1002 with a metal colloid
solution by spin coating process or by depositing a metal thin
film by sputtering process or evaporation process and then
atomizing it into particles, for example.

Next, the substrate 1002 with those catalyst particles 1001
1s loaded into the growth chamber of a CVD system, for
example. As shown 1n FIG. 18(b), a source gas 1003, includ-
ing a constituent element of the nanowires, 1s introduced nto
the chamber and maintained at predetermined temperature
and pressure. In such an environment, the source gas 1003
selectively decomposes only 1n the vicimity of the catalyst
particles 1001. Meanwhile, the catalyst particles 1001 react to
this decomposed source gas, thereby making an alloy of the
catalyst particles and the constituent element of the nanow-
ires. The constituent element of the nanowires, which has
been produced as a result of the decomposition of the source
gas 1003, dissolves in the alloy of the catalyst particles and
the constituent element of the nanowire to get the alloy super-
saturated. Then, the constituent element of the nanowires
precipitates out of the supersaturated alloy and then coagu-
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lates together, thereby growing a first type of nanowires 1004
made of the first material. By maintaining such a state for a

predetermined amount of time, the nanowires can be grown to
any desired length.

Next, as shown 1n FIG. 18(¢), a second type of nanowires
1005 of the second material can be grown by changing the
gases to introduce 1nto the growth chamber.

As can be seen, according to the nanowire growing tech-
nology, the 1n-situ doping or hetero-epitaxy could be con-
trolled on a nanometer scale as 1n a normal thin-film epitaxy
process. Also, since the nanowires have a pseudo one-dimen-
sional structure, the stress that has been caused due to a lattice
constant misfit in the conventional thin-film deposition tech-
nology could be relaxed. Thus, 1t 1s expected that restrictions
on the selection of maternials would be removed by adopting
such a technology.

Thus, nanowires that would contribute to forming a very
small structure 1n a self-organizing manner or developing
material engineering are one of the most prospective nano-
structures.

Patent Document No. 1: PCT International Application

Japanese National Phase Publication No. 2004-535066
Non-Patent Document No. 1: R. Martel, et. al., “Single- and
Multi-wall Carbon Nanotube Field-Effect Transistors™, Appl.
Phys. Lett. 73, pp. 2447, 1998
Non-Patent Document No. 2: E. Tutuc, et al., “Doping of

Germanium Nanowires Grown in Presence of PH3”, Appl.
Phys. Lett. 89, pp. 263101, 2006

DISCLOSURE OF INVENTION

Problems to be Solved by the Invention

It has been believed to be possible to grow two types of
regions of different materials or with different conductivities
in the growing axis direction by performing the manufactur-
ing process described above. According to the recent report of
Tutic, et al. (seem Non-Patent Document No. 2) and our
researches, such a manufacturing process turned out to be
difficult to carry out just as mntended. To prove that, that
manufacturing process will be described 1n further detail by
way of an example 1n which S1 nanowires (undoped) and then
boron (B) doped S1 nanowires (which will be referred to
herein as “B—S1 NWs”) are grown.

First, as already described with reference to FIGS. 18(a)
and 18(b), undoped Si1 nanowires 1004 are grown. Next,
B—S1 NWs 1005 are grown as already described with refer-
ence to FIG. 18(¢). In this case, even 1f the source gases are
simply changed, the nanowires consisting ol doped and
undoped portions as shown 1n FIG. 18(¢) cannot be obtained.
That 1s to say, even the undoped S1 nanowires 1004 will also
get doped while the B—S1 NWs 1005 are being grown after
that. This 1s probably because the dopant that has been intro-
duced to form the B—S1 NWs 10035 would promote not only
the growth by the VLS growth mechanism described above
but also the growth from the sidewall of the S1 nanowires
1004. In this case, the solid solubility of Au, which 1s used as
the catalyst particles 1001 1n B, 1s so low in the nanowire
growing temperature range of 300° to 600°, for example, that
the solid solution o1 B would not be formed easily 1n droplets
of Au. That 1s why S1 nanowires with a high B concentration
(0.1x10'® atoms/cm’) would be difficult to grow by the VLS
growth mechanism.

[ikewise, even 1n multi-nanowires, 1f 1t 1s difficult for one
of the constituent elements of the nanowires to form a solid
solution with the catalyst particles, the growth would also
occur from the sidewall of the nanowires.
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As described above, 1f in a nanowire consisting of at least
two different materials, the solid solubility of its constituent

clement in the catalyst particles to use 1s not suificiently high
(1.e., equal to or lower than the material’s designed value), the
problem described above will arise to make it difficult to
control the structure of the nanowire.

Meanwhile, a method for controlling the structure of con-
ventional nanowires, which are arranged on an arbitrary sub-
strate, by a technique such as 10on implantation has also been
proposed. According to such a method, the precision would
be determined by that of the photolithographic process to
perform. Also, 1n that case, a heat treatment should be carried
out to repair the damage that has been caused by 1on bom-
bardment or 1on implantation. That 1s why some restriction
would be imposed because the substrate that could not with-
stand the heat should not be used.

It 1s therefore an object of the present invention to provide
nanowires, ol which the regions with different materials or
conductivities can be aligned 1n the growth axis direction by
a process that can be carried out easily, and also provide a
method for fabricating such nanowires.

Means for Solving the Problems

A semiconductor nanowire fabricating method according
to the present invention 1s a method for fabricating a semi-
conductor nanowire that has first and second regions. The
method includes the steps of: (A) putting a catalyst particle on
a substrate; (B) growing the first region from the catalyst
particle by VLS growth mechamsm; (C) forming a protective
coating on the sidewall of the first region; and (D) growing the
second region over the first region by the VLS growth mecha-
nism.

In one preferred embodiment, the conductivity type of the
first region 1s one of N and P types and that of the second
region 1s the other of N and P types.

In another preferred embodiment, the first and second
regions have the same conductivity type and the second
region has lower electrical conductivity than the first region.

In still another preferred embodiment, the catalyst particle
1s made of either a metal or an alloy of a metal and a semi-
conductor.

In yet another preferred embodiment, the second region 1s
made of a semiconductor material doped with a dopant ele-
ment.

In this particular preferred embodiment, at the growth tem-
perature of the second region, the solid solubility of the
dopant element with respect to the catalyst particle is 1x10"”
atoms/cm” or less.

In a specific preferred embodiment, the first and second
regions are made of a semiconductor material that includes at
least one element selected from the group consisting of S1, Ge
and C.

In another preferred embodiment, the dopant element 1s at
least one element selected from the group consisting of B, P,
As and Sbh.

In still another preferred embodiment, in the step (D), a
constituent element of the second region diffuses through the
protective coating but does not reach the first region.

In this particular preferred embodiment, the protective
coating includes at least one film selected from the group
consisting of a silicon dioxide film, a silicon oxymitride film
and a silicon nitride film.

In yet another preferred embodiment, the bandgap of the
first material 1s different from that of the second material.

In a specific preferred embodiment, the second material 1s
made up of at least two different elements and at the growth

10

15

20

25

30

35

40

45

50

55

60

65

4

temperature of the second region, the solid solubility of at
least one constituent element of the second material with
respect to the catalyst particle is 1x10'” atoms/cm? or less.

In yet another preferred embodiment, the protective coat-
ing 1s formed by thermally oxidizing the first region.

A first type of semiconductor nanowire according to the
present invention includes: a first region including a dopant in
a concentration of at least 1x10'” atoms/cm; a second region,
which 1s arranged continuously with the first region 1n the

longitudinal direction thereof and which includes either a
dopant in a concentration of at most 1x10"® atoms/cm” or no
dopants at all; and a third region, which 1s arranged continu-
ously with the second region in the longitudinal direction
thereol and which includes a dopant 1n a concentration of at
least 1x10"” atoms/cm’.

A semiconductor device according to the present invention
includes the first type of semiconductor nanowire of the
present invention and further includes: a source electrode,
which 1s connected to the first region of the semiconductor
nanowire; a drain electrode, which 1s connected to the third
region ol the semiconductor nanowire; a gate electrode,
which 1s arranged so as to face the second region of the
semiconductor nanowire; and a gate msulating film, which 1s
arranged between the second region and the gate electrode.

A second type of semiconductor nanowire according to the
present invention includes: a first region including a dopant; a
second region, which has a lower dopant concentration than
the first region and which 1s arranged continuously with the
first region 1n the longitudinal direction thereof; a third
region, which has a higher dopant concentration than the
second region and which is arranged continuously with the
second region in the longitudinal direction thereof; a first
sidewall, which 1s arranged on the side surface of the first
region and which includes a polycrystalline matenal; and a
second sidewall, which 1s arranged on the side surface of the
third region and which includes a polycrystalline matenal.
There 1s no sidewall on the side surface of the second region.

In one preferred embodiment, the closer to the second
region, the thicker or the thinner the first and second sidewalls
get.

Another semiconductor device according to the present
invention includes the second type of semiconductor nanow-
ire of the present ivention and further includes: a source
clectrode, which 1s connected to the first region of the semi-
conductor nanowire; a drain electrode, which 1s connected to
the third region of the semiconductor nanowire; a gate elec-
trode, which 1s arranged so as to face the second region of the
semiconductor nanowire; and a gate insulating film, which 1s
arranged between the second region and the gate electrode.

Eftects of the Invention

According to the method of the present invention, a process
step that can be carried out easily 1s added, thus making it
possible to control the shape of the nanowire being formed at
a nanometer scale 1n the growth axis direction.

In addition, 11 the nanowire fabricated by the method of the
present mnvention 1s used, there 1s no need to perform a process
step for controlling the structure (such as 1on implantation) or
its accompanying posterior processing (such as heat treat-
ment). As a result, various restrictions that are ordinarily
imposed on the material and size of the substrate can be
removed.

On top of that, since the structure of a nanowire can be
controlled easily, the present invention 1s expected to be
applied to various functional electronic devices including
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transistors, memories, LEDs and laser diodes, and electronic
appliances including at least one of them.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1(a) through 1(d) illustrate how to fabricate hetero
nanowires according to a preferred embodiment of the
present invention.

FIGS. 2(a) through 2(c¢) illustrate a first preferred embodi-
ment of a method for fabricating hetero nanowires according,
to the present invention.

FIGS. 3(a) through 3(¢) illustrate a first preferred embodi-
ment of a method for fabricating hetero nanowires according,
to the present invention.

FI1G. 4 illustrates, on a larger scale, a S1 nanowire 204 that
has been grown while being doped with B 1n-situ.

FI1G. 5(a)1s an optical micrograph representing an image of
a S1 nanowire, and FIGS. 5(b) and 5(c¢) are graphs showing the
Raman spectra of the lower and upper portions of the Si
nanowire (1.¢., the portions that are away from, and 1n contact

with, the Au particle, respectively).
FIGS. 6(a) and 6(b) are respectively a dark field TEM

(transmission electron microscope) photograph and a high-
resolution TEM photograph representing the upper portion of
a S1 nanowire. On the other hand, FIGS. 6(c) and 6(d) are
respectively a dark field TEM photograph and a high-resolu-
tion TEM photograph representing the lower portion of the S1
nanowire.

FI1G. 7 1s a graph showing how the dopant concentration in
a S1 nanowire changes with the flow rate of B,H, gas.

Portion (a) of FIG. 8 illustrates a S1 nanowire on a larger
scale, portion (b) of FIG. 8 1s a graph schematically showing
the distribution of B concentrations 1n a S1 nanowire yet to be
subjected to a heat treatment, and portion (c¢) of FIG. 8 1s a
graph showing relations between the temperature of a heat
treatment that was carried out on the S1 nanowires and the
dopant concentration in the S1 nanowires.

FI1G. 9(a) illustrates a S1 nanowire with a p-1 structure, and
FIGS. 9(b) and 9(c) are graphs showing the respective Raman
spectra of the upper and lower portions of a B-doped Si1
nanowire.

FIG. 10(a) 1llustrates a S1 nanowire with an 1-p structure,
and FIGS. 10(5) and 10(c) are graphs showing the respective
Raman spectra of the upper and lower portions of a non-
doped S1 nanowire.

FIGS. 11(a) through 11(d) illustrate a second preferred
embodiment of a method for fabricating hetero nanowires
according to the present invention.

FI1G. 12 1s a perspective view 1llustrating a transistor as a
third preferred embodiment of the present invention.

FI1G. 13(a) 1s a top view ol the nanowire transistor shown in
FIG. 12 and FIG. 13(d) 15 a cross-sectional view as viewed on
the plane C-C shown 1n FIG. 13(a).

FIGS. 14(a) through 14(c) illustrate an exemplary series of
manufacturing process steps to fabricate the nanowire tran-
sistor of the third preferred embodiment.

FIG. 15 schematically illustrates an organic EL display
according to the third preferred embodiment.

FIG. 16 illustrates a circuit to be arranged around each
pixel of the organic EL display of the third preferred embodi-
ment.

FIGS. 17(a) and 17(b) illustrate a nanowire light-emitting,
diode as a fourth preferred embodiment of the present mnven-
tion.

FIGS. 18(a) through 18(c¢) illustrate a conventional method
for fabricating nanowires.
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DESCRIPTION OF REFERENCE NUMERALS

101 catalyst particle
102 substrate
103 source gas for first material
104 nanowire of first material
105 protective coating
106 nanowire of second material
107 source gas for second material
170 S1 nanowire
171 Au particle
172 B-doped S1 nanowire
173 sidewall
174 non-doped S1 nanowire
180 S1 nanowire
181 Au particle
182 non-doped Si1 nanowire
183 sidewall
184 B-doped S1 nanowire
201 Au particle
202 silicon substrate
203 S1 source gas, B source gas
204 B-doped S1 nanowire
205 S1 source gas
206 S1 nanowire
207 S1 nanowire
208 silicon dioxide film
209 S1 nanowire
210 S1 nanowire
301 Au particle
302 substrate
303 source gas for GaAs
304 (GaAs nanowire
305 protective coating
306 GaAsP nanowire
307 source gas for GaAsP
400 nanowire transistor
401 substrate
402 gate electrode
403 gate insulating film
404 source electrode
405 drain electrode
406 p-1-p type Sinanowire
407 p-type doped region
408 non-doped region
410 flexible substrate
411 X driver
412 Y driver
413 X scan electrode
414 Y scan electrode
415 pixel
416 switching transistor
417 driver transistor
500 GaAs/GaAsP hetero nanowire
501 GaAs layer
502 GaAsP layer
503 nanowire light-emitting element
504 substrate
505 first electrode
506 second electrode
1001 catalyst particle
1002 substrate
1003 source gas
1004 nanowire of first material
1005 nanowire of second material

BEST MODE FOR CARRYING OUT TH
INVENTION

(L]

Heremnaftter, preferred embodiments of a method for fabri-
cating a semiconductor nanowire with a heterostructure
(which will be referred to herein as a “hetero nanowire™)
according to the present invention will be described. A semi-
conductor nanowire as a preferred embodiment of the present
invention has a structure 1 which a nanowire of a first mate-
rial and a nanowire of a second material are connected
together 1 the nanowire growing direction (1.€., the longitu-
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dinal direction thereot). It should be noted that the “first and
second materials” do not always have to be made of semicon-
ductor materials with mutually different compositions (or
different bandgaps). Optionally, the first and second matenals
could be semiconductor materials that have the same compo-
sition but are doped with a dopant e1ther in mutually different
concentrations or ol mutually opposite conductivity types.
That 1s to say, the hetero nanowire of this preferred embodi-
ment may consist of nanowires with mutually different com-
positions or nanowires made ol a semiconductor materials
having the same composition but doped with a dopant in
mutually different concentrations or of mutually opposite
conductivity types.

FIGS. 1(a) through 1(d) illustrate how to fabricate hetero
nanowires as a prelferred embodiment of the present inven-
tion. These nanowires can be grown by VLS growth mecha-
nism, which 1s a known method.

First, as shown 1n FIG. 1(a), catalyst particles 101 are put
on an arbitrary substrate 102. The catalyst particles 101 may
be arranged by coating the substrate 102 with a metal colloid
solution by spin coating process or by depositing a metal thin
film by sputtering process or evaporation process and then
atomizing 1t into particles, for example. The catalyst particles
101 may be made of atoms of a metal such as gold, silver,
copper, nickel, cobalt, iron or titanium, an alloy of the metal
and a constituent material of the nanowire to be described
later, or a composite material including any of the metals
described above and a constituent material of the semicon-
ductor layer. The catalyst particles 101 may have a particle
s1ze ol approximately 1 nm to approximately 500 nm. In FIG.
1, spherical metal particles are illustrated. However, those
metal particles do not always have to have such a circular
cross section but may have also a quadrangular, hexagonal or
any other polygonal cross section.

Next, the substrate 102 with these catalyst particles 101 1s
loaded into the chamber of a CVD system, for example. As
shown 1n FIG. 1(b), a source gas 103, including a constituent
element of the nanowires, 1s introduced into the chamber and
maintained at a predetermined pressure. The substrate 102 1s
heated by a lamp or a heater, for example, and maintained at
an arbitrary temperature. In such an environment, the source
gas 103 of the first material selectively decomposes only 1n
the vicinity of the catalyst particles 101. Meanwhile, the
catalyst particles 101 react to this decomposed source gas,
thereby making an alloy of the catalyst metal and the con-
stituent element of the nanowires.

The constituent element of the nanowires dissolves 1n the
alloy to get the alloy supersaturated. Then, the constituent
clement of the nanowires precipitates out of the alloy and then
coagulates together, thereby growing nanowires 104 of the
{irst material.

Next, as shown 1n FIG. 1(c), a protective coating 105 1s
formed on the sidewall of the nanowires 104 of the first
material. The protective coating 105 may be formed by intro-
ducing a gas into the chamber and depositing a film or by
performing a sputtering process or an evaporation process, for
example. Also, the protective coating 105 1s made of a mate-
rial that would be etched away at three times or more as high
an etch rate as the first and second materials that make the
nanowires 104 and 106 (see FIG. 1(d)) when exposed to the
same arbitrary etchant. Specifically, 11 the constituent element
of the nanowires 104 of the first material 1s S1, the protective
coating 105 may be made of a silicon dioxide film or a silicon
nitride film.

Subsequently, as shown in FIG. 1(d), a source gas 107 of
the second material, including the constituent element of the
nanowires, 1s introduced into the chamber and maintained at
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a predetermined pressure and a predetermined temperature,
thereby growing nanowires 106 of the second material. After

that, the protective coating 105 1s removed.

The nanowires 104 and 106 of the first and second mate-
rials may be made of a Group IV semiconductor such as S,
Ge or S1Ge, a Group 11I-V semiconductor such as GaAs, InP
or InAs, or a Group II-VI semiconductor such as ZnS, ZnSe or
CdsS.

The nanowires 104 and 106 of the first and second mate-
rials may have a length of approximately 1 um to approxi-
mately 100 um and a diameter of approximately 2 nm to
approximately 1 um, for example.

According to the method for fabricating a nanowire of the
present invention, while nanowires of the second matenal are
growing, the sidewall of nanowires of the first matenal 1s
covered with the protective coating. That 1s why the deposited
material never grows directly on the sidewall of the nanowires
of the first material. Also, the material of the protective coat-
ing may be determined so that the material deposited on the
protective coating will never grow while the nanowires of the
second material are growing. And the protective coating 1s
preferably thick enough to prevent the constituent element of
the nanowires of the second material from diffusing through
the protective coating to reach the surtace of the nanowires of
the first material while the nanowires of the second material
are growing. Detailed growth conditions will be described
later.

Hereinaftter, specific preferred embodiments of the present
invention will be described.

Embodiment 1

A first specific preferred embodiment of a semiconductor
nanowire manufacturing process according to the present
invention will be described with reference to FIGS. 2(a)
through 3(¢). In this preferred embodiment, S1 nanowires that
have been doped to have a p-1-p structure are formed.

First, as shown in FIG. 2(a), a silicon substrate 202 1s
provided as a growth substrate and catalyst particles 201 of
gold (Au) are put on the silicon substrate 202. The silicon
substrate 202 just needs to have thermal resistance that 1s high
enough to withstand the heat treatment temperature on the
nanowires growing. That 1s why a silicon dioxide film or a
silicon nitride film may have been deposited on the silicon
substrate 202. The crystallographic plane orientation and
resistivity of the silicon substrate 202 may be determined
arbitrarly.

The Au particles 201 used as the catalyst particles have
distinct ability to promote the decomposition of the source
gas and are used to produce a eutectic with the constituent
clement of the nanowires and encourage the growth of the
nanowires. The diameter of the Au particles 201 becomes
almost equal to that of the nanowires. That 1s why the diam-
cter of the Au particles 201 needs to be defined so as to obtain
a nanowire with a desired diameter. The Au particles 201
normally have a diameter of 1 nm to 1,000 nm, and preferably
have a diameter of 5 nm to 100 nm.

The Au particles 201 may be formed on the silicon sub-
strate 202 by a known method. For example, a thin {ilm of Au
may be deposited on the surface of the silicon substrate 202
by sputtering process or evaporation process 1n any known
thin film deposition system and then thermally treated so as to
coagulate by itself. In this manner, Au particles 201 can be
formed as shown in FIG. 2(a).

In this preferred embodiment, the Au particles 201 may be
tormed by depositing a thin film of Au to a thickness of about
0.5 nm to about 10 nm by EB evaporation process and then
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thermally treating the film at 500° for approximately 30 min-
utes to approximately three hours. The diameter of the Au
particles 201 changes with the thickness of the Au thin film
and the heat treatment conditions. For that reason, the thick-
ness of the Au thin film needs to be adjusted such that the Au
particles 201 have a desired diameter. In this preferred
embodiment, a thin film of Au 1s deposited to a thickness of
about 2 nm and then thermally treated at 500° for 30 minutes
within a vacuum.

Thereafter, the silicon substrate 202 on which the Au par-
ticles 201 have been formed 1s loaded into the chamber of a
CVD system, for example. Next, as shown in FIG. 2(b), a
source gas 203 including element Si1 and element B 1s sup-
plied mto the chamber and maintained at a predetermined
pressure and a predetermined temperature. As a result, the
clement S11n the source gas 203 that has been decomposed on
the surface of the Au particles 201 reacts to the Au particles
201 on the silicon substrate 202 to make an Au—=S1 alloy
there. The element S1 dissolves 1n the alloy to get the alloy
supersaturated. Then, S1 precipitates out of the supersaturated
alloy and then coagulates together, thereby growing Si
nanowires 204.

FI1G. 4 illustrates, on a larger scale, a S1 nanowire 204 that
has been grown while being doped with B 1n-situ. When S1
gets supersaturated nside the Au particle 201, the S1 nanow-
ire 204 grows (by VLS mechanism). On the other hand, at the
growth temperature of the S1 nanowire 204 (which may be 1n
the range of approximately 300° through approximately
600°), the solid solubility of B with respect to Au 1s very low
(1.e., B hardly dissolves 1n Au). For that reason, 1t 1s difficult
to introduce B in a concentration of at least 1x10'” atoms/cm”
(that 1s the minimum required dopant concentration at or over
which the S1 nanowire 204 can make a good ohmic contact
with the electrode) 1into the S1 nanowire 204 even by VLS
mechanism.

Meanwhile, if there was a lot of B, then the activation
energy to grow a polycrystalline or crystalline S1 film would
decrease. That 1s why 1f B and S1 are supplied onto the side-
wall of the S1 nanowires 104, a polycrystalline film of 51,
including B, will grow to form a sidewall 211 there. The
thickness of the sidewall 211 increases proportionally to the
growing process time. That 1s why the more distant from the
Au particle 201, the thicker the sidewall 211 will get. As a
result, the sidewall 211 comes to have a tapered cross section.

FIG. 5(a) 1s a micrograph representing an image of a Si
nanowire, while FIGS. 5(b) and 5(¢) show the Raman spectra
of the lower and upper portions of the S1 nanowire (1.¢., the
portions that are away from, and in contact with, the Au
particle, respectively). The peak observed 1n the vicinity of
520 cm™" shown in FIGS. 5(b) and 5(c) represents an optical
phonon that would have been produced by the vibrations of a
pair of adjacent S1 atoms. Comparing the S1—S1 mode peaks
shown 1n FIGS. 5(b) and 5(c¢) to each other, 1t can be seen that
the peak shown 1n FIG. 5(c) has a symmetric shape (1.e., a
Lorentz function) but the one shown in FIG. 5(b) has an
asymmetric shape that leaves a tail on the higher frequency
side. Such a variation in shape would have been caused due to
the resonance reaction between the phonon Raman scattering
and the electron Raman scattering. Such a phenomenon 1s
called a “Fano resonance”. If the Fano resonance was
observed on the B—S1 NW, then 1t means that electrically
active B atoms (at the lattice site o1 S1) would have been there.
Thus, these results reveal that during the growth of a heavily
B-doped S1 NW by VLS mechanmism, the lower portion of the
S1 nanowire had certainly been doped with B but the upper
portion thereot had not been doped with B to a level sensible
in the Raman spectrum.
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FIGS. 6(a) and 6(b) are respectively a dark field TEM
(transmission electron microscope) photograph and a high-
resolution TEM photograph representing the upper portion of
a S1 nanowire. On the other hand, FIGS. 6(c) and 6(d) are
respectively a dark field TEM photograph and a high-resolu-
tion TEM photograph representing the lower portion of the S1
nanowire. As can be seen from FIGS. 6(a) and 6(c), there was
no contrast difference on the surface of the upper portion of
the S1 nanowire but was a significant contrast difference on
the surface of the lower portion of the Si nanowire. When
these dark field TEM photos were shot, the contrast was set on
a certain crystallographic orientation. That 1s why a differ-
ence 1n contrast corresponds to a difference in crystallo-
graphic orientation. As also can be seen from FIGS. 6(5) and
6(d), the upper portion of the S1 nanowire was single crystal-
line but the lower portion thereof was polycrystalline. Thus,
these results reveal that a thicker sidewall had been formed as
a polycrystalline film on the lower portion of the S1 nanowire.

As the source gas for forming the S1 nanowires 204, S1B_,
S1,H,, Si;Hg, S1H,Cl, or SiCl, may be used, for example.
According to this preferred embodiment, the nanowires may
be grown using an ultrahigh vacuum CVD system, setting the
substrate at a temperature ot 350° to 500°, using S1,H gas as
the source gas for silicon and B,H gas as the source gas for
boron, and adjusting the in-chamber pressure within the range
of 10~* Torr to 10 Torr.

The dopant concentration in the S1 nanowire 204 can be
controlled by adjusting the tlow rate of the B, H, gas. FIG. 7
shows the dependence of the B concentration in the S1 nanow-
ire on the flow rate of B,H, gas. In FIG. 7, the abscissa
represents the flow rate of a mixture of the B,H, gas and H,
gas. Specifically, the B,H, gas accounts for 5% of this mix-
ture. On the other hand, the ordinate represents the average B
concentration of a certain number of S1 nanowires that had
been analyzed by SIMS. Just like the conventional epitaxy,
the B concentration can be controlled in a broad range by
adjusting the tflow rate of the B,H, gas.

Next, as shown in FIG. 2(c¢), undoped S1 nanowires 206 are
grown by changing the nanowire source gases 205. The Si
nanowires 206 are preferably grown under the conditions
described above. As a result, S1 nanowires 207 with a p-1-p
structure, each consisting of the B-doped S1 nanowire 204 and
the undoped S1 nanowire 206, are formed.

Subsequently, as shown 1n FIG. 3(a), a protective coating
208 of silicon dioxide 1s formed on the sidewall of the Si
nanowires 207. The protective coating 208 may be formed by
introducing either oxygen gas or oxygen and hydrogen gases
for a predetermined amount of time with the substrate main-
tained at a temperature o1 300° to 1,000°, for example. In this
case, etther a silicon mitride film or a silicon oxynitride film
may be formed by introducing a nitrogen containing gas such
as ammonium gas or nitrogen monoxide gas. Alternatively, a
protective coating 208 of silicon dioxide or silicon nitride
may also be formed by CVD process.

Thereatter, as shown 1n FIG. 3(5), B-doped S1 nanowires
209 are grown by the method described above. In this process
step, the sidewall of the S1 nanowires 207 with the p-1 struc-
ture 1s covered with the protective coating 208, and therefore,
the B-containing S1 {ilm 1s not deposited on the sidewall of the
S1nanowires 207. Thus, it 1s possible to prevent the S1 nanow-
ires 207 with the p-1 structure from being doped with B
automatically. I the protective coating 208 1s made of silicon
dioxide, a B-doped S1 film (not shown) 1s deposited on the
silicon dioxide film. In the growth temperature range, how-
ever, B has a very short diffusion length into S1 and silicon
dioxide films and rarely reaches the sidewall of the S1 nanow-
ires 207 with the p-1 structure. Also, since B included 1n S1 1s
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likely to precipitate in the silicon dioxide film, B hardly
diffuses toward the sidewall of the S1 nanowires 207.

As a result, the B-doped S1 nanowires 204 and 209 can be
doped heavily to 1x10"” atoms/cm” or more, while the dopant
concentration in the non-doped S1 nanowires 207 can be
reduced to 1x10"® atoms/cm” or less.

Although not shown, the side surface of the B-doped Si1
nanowires 204 and 209 in the Sinanowires 210 shown 1n FIG.
3(c) 1s actually covered with a sidewall, of which the thick-
ness mcreases as the point of measurement goes farther away
from the Au particle 201. On the other hand, the side surface
ol the non-doped S1 nanowires 207 1n the S1 nanowires 210 1s
not covered with any sidewall.

Then, as shown in FIG. 3(c¢), the protective coating 208 and
what has been deposited on the protective coating 208 (not
shown) are removed, thereby completing S1 nanowires 210
with the p-1-p structure. The protective coating 208 may be
removed by immersing the nanowires 1n a hydrofluoric acid
solution.

Thereafter, the S1 nanowires 210 are subjected to a heat
treatment at a temperature of 1,100° or more. The heat treat-
ment may be carried out either by heating the nanowires
instantaneously a number of times or by keeping them heated
to a certain temperature for about 10 seconds to about 3
minutes. The heat treatment may be conducted 1n an inert
atmosphere such as nitrogen gas, 1n an oxygen atmosphere, or
even 1n the air. That 1s to say, any atmosphere may be used to
carry out the heat treatment. Also, either a laser annealing
process or a lamp annealing process will do. In any case, the
heat treatment 1s preferably carried out at a temperature of
1,200° or less, considering the melting point of the nanowires.

Next, 1t will be described what effects will be achieved by
conducting this heat treatment.

Portion (a) of FIG. 8 illustrates a S1 nanowire on a larger
scale. Specifically, the S1 nanowire shown in portion (a) of
FIG. 8 1s a p-region of the Si1 nanowire 210 with the p-1-p
structure, 1.e., either the S1 nanowire 204 or the S1 nanowire
209. On the other hand, portion (b) of FIG. 8 shows the
distribution of B concentrations 1n the S1 nanowire yet to be
subjected to the heat treatment. As can be seen from portion
(b) of FIG. 8, the more distant from the Au particle 201, the
higher the B concentration.

Portion (¢) of FIG. 8 shows relations between the tempera-
ture of a heat treatment that was carried out on the S1 nanow-
ires and the dopant concentration in the S1 nanowires. In
portion (¢) of FI1G. 8, the ordinate represents the bond strength
(1/q). The greater this value, the higher the concentration of
the dopant included 1n the Si1 nanowires would be. Also, in
portion (¢) of FIG. 8, the solid square () plots a value that was
measured at the lower end of the S1 nanowires, while the open
square [_] plots a value that was measured at the upper end of
the S1 nanowires. As shown 1n portion (¢) of FIG. 8, when the
heat treatment was conducted at 900°, the dopant concentra-
tions at the upper and lower ends of the S1 nanowires were
quite different from each other. However, the higher the heat
treatment temperature, the narrower the difference between
the dopant concentrations. And when the heat treatment was
carried out at 1,100°, the difference 1n dopant concentration
between the upper and lower ends decreased to almost a
tolerance level. These results reveal that 11 the heat treatment
1s carried out at a temperature of 1,100° or more, the distri-
bution of the dopant in the S1 nanowires can be uniform.

The present inventors also measured the Raman spectra of
S1 nanowires that had been formed without being covered
with the protective coating 208. FIG. 9(a) illustrates a S1
nanowire 170 with a p-1 structure. The Si1 nanowire 170
includes an Au particle 171, a non-doped S1 nanowire 174
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located under the Au particle 171, a B-doped S1 nanowire 172
located under the non-doped S1 nanowire 174, and a sidewall
173 on the side surface of the B-doped S1 nanowire 172. Since
the non-doped S1 nanowire 174 1s formed after the B-doped S1
nanowire 172 has been formed, the sidewall 173 covers only
the side surface of the B-doped S1 nanowire 172. FIGS. 9(b)
and 9(c) are graphs showing the respective Raman spectra of
the upper and lower portions of the B-doped S1nanowire 172.
As can be seen, the optical phonon peak 1s symmetric in FIG.
9(b) but asymmetric 1n FIG. 9(¢). This means that the lower
portion of the S1 NW was doped with B more heavily than the
upper portion thereof. That 1s to say, the SINW shown 1n FIG.
9 has the p-1 structure.

FIG. 10(a) illustrates a S1 nanowire 180 with an 1-p struc-
ture. The S1 nanowire 180 includes an Au particle 181, a
B-doped S1 nanowire 184 located under the Au particle 181,
a non-doped S1 nanowire 182 located under the B-doped Si
nanowire 184, and a sidewall 183 that covers the side surface
ol the non-doped S1 nanowire 182 and the B-doped S1 nanow-
ire 184. Since the B-doped S1nanowire 184 1s formed after the
non-doped S1nanowire 182 has been formed, the side surface
of the non-doped S1 nanowire 182 1s covered with the sidewall
183 with substantially a umiform thickness but that of the
B-doped S1 nanowire 184 1s covered with the sidewall 183, of
which the thickness decreases upward. FIGS. 10(5) and 10(c¢)
are graphs showing the respective Raman spectra of the upper
and lower portions of the non-doped S1 nanowire 182. As the
peaks shown 1n FIGS. 10(5) and 10(¢) are both asymmetric, 1t
can be seen that the non-doped S1 NW got doped with B
anyway, although no dopant gas had been supplied while the
S1NW was growing. These results reveal that the thickness of
the sidewall increases proportionally to the amount of time
for which the nanowire has been exposed to the atmosphere
including the B source gas.

The material of the catalyst particle 1s preferably selected
so that the solid solubility of dopant atoms in the growth
temperature range becomes smaller than the target dopant
concentration by at least one digit. For example, 11 the dopant
1s B or P and 1f the growth temperature 1s equal to or lower
than 1,000°, solid solution will not be produced easily with
any ol the metals, and therefore, the effect of the present
invention can be achieved, no matter which metal 1s used as
the catalyst. On the other hand, 1f the dopant 1s arsenic, the
eifect of the present invention can be achieved unless the
metal 1s silver, aluminum, gold, iron, galllum, indium or
nickel.

In the process step shown in FI1G. 3(b), while the B-doped
S1 nanowire 209 1s being grown, the dopant should not pass
through the protective coating 208 to reach the S1 nanowire
207. From this point of view, the thickness of the protective
coating 208 1s preferably determined to be greater than the
distance that the dopant diffusing can reach in the protective
coating 208. For example, the protective coating 208 may
have a thickness of 5 nm or more. Also, the material of the
protective coating 208 1s preferably selected to let the dopant
diffuse at as small a diffusion coelficient as possible. For
instance, the protective coating 208 1s preferably made of
silicon dioxide. Furthermore, the material of the protective
coating 208 1s preferably etched away 1n at least three times as
high an etch rate as the material of the S1 nanowire 207 when
exposed to the same arbitrary etchant. To realize that, the
material of the protective coating 208 1s preferably Ge,
hatnium oxide or GaAs, for example.

As described above, according to the manufacturing pro-
cess of this preferred embodiment, a region with a relatively
high dopant concentration and a region with a relatively low
dopant concentration can be defined sharply by adding a
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process step that can be carried out easily. Consequently,
nanowires with enhanced performance can be provided and
should be applicable to various electronic devices including
transistors, memories and LEDs that can be fabricated by a
conventional process.

Embodiment 2

Hereinafter, a second preferred embodiment of a method
for fabricating a semiconductor nanowire according to the

present invention will be described with reference to FIGS.

11(a) through 11(d). In this preferred embodiment, nanow-
ires with a heterostructure of GaAs and GaAsP (which will be
referred to herein as “GaAs/GaAsP nanowires”) are formed.

These nanowires can be grown by VLS growth mechanism,
which 1s a known method.

First, as shown in FI1G. 11(a), Au particles 301 are put on an
arbitrary substrate 302 by the method described above, for
example.

Next, the substrate 302 with these Au particles 301 1s
loaded 1nto the chamber of a CVD system, for example. Then,
as shown 1n FIG. 11(d), a source gas 303, including a con-
stituent element of GaAs nanowires, 1s introduced into the
chamber and maintained at a predetermined pressure. And the
substrate 302 1s heated by a lamp or a heater, for example, and
maintained at an arbitrary temperature, thereby growing
GaAs nanowires 304. The GaAs source gas 303 may include
triethylgalllum (TEG) as a Ga source gas and arsine (AsH, ) as
an As source gas.

Next, as shown 1n FIG. 11(¢), a protective coating 305 1s
formed on the sidewall of the GaAs nanowires 304. The
protective coating 305 may be formed by 1ntroducing a gas
into the chamber and depositing a film or by performing a
sputtering process or an evaporation process, for example.
Also, the protective coating 304 i1s preferably made of a
material that would be etched away 1n at least three times as
high an etch rate as the GaAs nanowires 304 and GaAsP
nanowires 306 (see FIG. 11(d)) when exposed to the same
arbitrary etchant. Specifically, the protective coating 305 may
be made of a silicon dioxide film or a silicon nitride film.

Subsequently, as shown 1n FIG. 11(d), a GaAsP source gas
307, including a constituent element of GaAsP, 1s introduced
into the chamber and maintained at a predetermined pressure
and a predetermined temperature, thereby growing GaAsP
nanowires 306. The GaAsP source gas 306 may include TEG
as a Ga source gas, AsH, as an As source gas, and phosphine
(PH,) as a P source gas.

The GaAs nanowires 304 and the GaAsP nanowires 306
may have a length of approximately 1 um to approximately
100 um and a diameter of approximately 2 nm to approxi-
mately 1 um, for example.

Just like the protective coating 208 of the first preferred
embodiment described above, the material of the protective
coating 305 may be determined so that the material deposited
on the protective coating 305 will never grow while the
(GaAsP nanowires 306 are growing. And the protective coat-
ing 305 1s preferably thick enough to prevent the constituent
clement of the GaAsP nanowires 306 from diffusing through
the protective coating 3035 to reach the surface of the GaAs
nanowires 304 while the GaAsP nanowires 306 are growing.

According to the nanowire manufacturing process of this
preferred embodiment, while the GaAsP nanowires 306 are
growing, the sidewall of the GaAs nanowires 1s covered with
a protective coating and therefore 1s never exposed to a atmo-
sphere including P. That 1s why even aiter the GaAsP nanow-
ires 306 have grown, the GaAs nanowires 304 can still main-
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tain the same composition and the same surface state. As a
result, a nanowire structure can be obtained just as designed.

Embodiment 3

Hereinafter, a semiconductor device will be described as a
third specific preferred embodiment of the present invention.
The semiconductor device of this preferred embodiment 1s a
transistor including the S1 nanowires of the first preferred
embodiment (which will be referred to herein as “profile Si
nanowires’ ).

FIG. 12 1s a perspective view illustrating a transistor
including the profile S1 nanowires (which will be referred to
herein as a ““nanowire transistor”) as a third preterred embodi-
ment of the present invention. FIG. 13(a) 1s a top view of the
nanowire transistor shown in FIG. 12 and FIG. 13(5) 1s a
cross-sectional view as viewed on the plane C-C shown 1n
FIG. 13(a).

In each of the profile S1 nanowires 406 of this preferred
embodiment, the p-type doped regions 407 are doped with a
Group III element such as B at a dose of approximately
1x10'® atoms/cm” to approximately 1x10°° atoms/cm’,
while the non-doped region 408 includes a Group 111 element
such as B in a concentration of less than 1x10"® atoms/cm”.
Optionally, the p-type doped regions 407 may be an alloy of
S1 and an arbitrary metal such as nickel silicide or titanium
silicide.

The nanowire transistor 400 includes source/drain elec-
trodes 404 and 405 that contact with the profile S1 nanowires
406, and their supporting substrate 401. As the p-type doped
regions 407 of the profile S1 nanowires 406 contact with the
source/drain electrodes 404 and 405, good electrical contact
can be maintained between the profile S1 nanowires 406 and
the source/drain electrodes 404 and 405.

Also arranged on the principal surface of the substrate 401
are a gate electrode 402 and a gate insulating film 403 that
clectrically insulates the gate electrode 402 from the profile Si
nanowires 406. That1s to say, this transistor has a bottom-gate
type transistor structure 1n which the profile S1 nanowires 406
are arranged on the gate insulating film 403.

When a bias voltage 1s applied to the gate electrode 402, the
clectrical conductivity of the channel region of the profile Si
nanowires 406 1s controlled by way of the gate insulating film
403.

In this case, the substrate 401 may be a plastic substrate
made of polyimide or an aromatic ester, a glass substrate, or
a sapphire substrate, for instance. Examples of preferred
materials for the gate electrode 402 and the source/drain
clectrodes 404 and 405 include metals such as titanium, gold,
aluminum and nickel, conductive polymers, polysilicon, and
alloys of a semiconductor material and a metal such as tita-
nium silicide.

The transistor of this preferred embodiment 1s a bottom-
gate type. However, the present invention 1s 1n no way limited
to this specific preferred embodiment. Alternatively, the tran-
sistor of the present mvention may also be a top-gate type
because the same effect will also be achieved 1n that case.

Also, 1n this preferred embodiment, the profile S1 nanow-
ires 406 have the p-1-p structure. If an n-channel transistor
should be fabricated, however, nanowires with an n-1-n struc-
ture may be used.

In the nanowire transistor of this preferred embodiment,
there 1s a doped layer 1n the areas where the nanowires 406
and the source/drain electrodes 404 and 405 contact with each
other, and theretfore, the contact resistance can be reduced on
a substrate with low thermal resistance. That 1s why by using
such nanowires with the profile structure, a transistor with
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high current drivability, of which the contact properties are
improved between its electrodes and a semiconductor layer, 1s
realized without affecting the operation of the device.

Hereinafter, 1t will be described how to {fabricate the
nanowire transistor of this preferred embodiment.

FIGS. 14(a) through 14(c) illustrate an exemplary series of
manufacturing process steps to fabricate the nanowire tran-
sistor of the third preferred embodiment.

In the manufacturing process of this preferred embodi-
ment, the nanowires may be fabricated basically in the same
way as 1n the first preferred embodiment described above.
The p-type doped regions 407 and the non-doped region 408
may be grown to any arbitrary lengths by adjusting their
growth process times arbitrarily. Specifically, the lengths of
the nanowires may be defined 1n the following manner. The
length of the non-doped region 408 may be approximately
equal to that of the gate electrode 402 as measured in the
channel direction. On the other hand, the length of the p-type
doped regions 407 may be defined so that the contact resis-
tance between the p-type doped regions 407 and the source/
drain electrodes 404 and 405 can be reduced. For example, 1f
the transistor 400 has a channel length of 5 um and 11 the
p-type doped regions have a B concentration of approxi-
mately 1x10°" atoms/cm”, then the p-type doped regions 407
and the non-doped region 408 may have a length of 5 um each.

Also, 1t 1s eflective to conduct a heat treatment 1n order to
activate an 1nactive dopant and repair crystal defects after
nanowires have been formed by the method of the first pre-
terred embodiment. The heat treatment may be carried out at
a temperature of approximately 900° to approximately 1,100°
for about 10 seconds to about 5 minutes 1n an inert atmo-
sphere such as nitrogen atmosphere.

Alternatively, 1t 1s no less eflective to conduct a heat treat-
ment 1n a hydrogen atmosphere in order to reduce the channel
interface levels (at the interface between S1and S10.,,) after the
nanowires have been formed by the method of the first pre-
terred embodiment. In that case, the heat treatment may be
carried out at a temperature of approximately 400° to
approximately 500° for about 10 minutes to about 30 minutes.

Optionally, after the nanowires have been formed by the
method of the first preferred embodiment, an insulating film
that functions as at least a part of the gate insulating film 403
may be formed on the sidewall of the nanowires. Such an
insulating film may be formed by performing a thermal oxi-
dation process 1n an oxygen atmosphere.

The nanowire transistor of this preferred embodiment may
be fabricated by a known method. Hereinafter, an exemplary
method for fabricating the nanowire transistor will be
described.

First, as shown 1n FIG. 14(a), a gate electrode 402 and a
gate insulating film 403 are formed on the principal surface of
a substrate 401. The gate electrode 402 may be formed by
depositing a gate metal by sputtering or evaporation process
in a known thin film deposition system and then patterning the
gate metal by photolithographic and etching processes. The
gate msulating film 403 may be formed by spin-coating the
substrate with a precursor of a gate msulating film material
and then by removing the solvent and annealing the substrate.
Alternatively, the gate insulating film 403 may also be depos-
ited by CVD process, sputtering process or evaporation pro-
CEeSS.

Next, as shown 1n FIG. 14(d), profile S1 nanowires 406 are
arranged on the substrate 1n the following manner, for
example. Specifically, the profile S1 nanowires 406 are
stripped from their growing substrate and then dispersed in a
solution to obtain a dispersant in which those profile Si1
nanowires 406 are dispersed. Examples of methods of strip-

5

10

15

20

25

30

35

40

45

50

55

60

65

16

ping the nanowires from the growing substrate include
mechanically stripping the nanowires by subjecting the sub-
strate to ultrasonic vibrations and stripping the nanowires by
thinly etching the surface of their growing substrate. As a
solvent for the dispersant, an aqueous solution, an organic
solvent or a mixture of water and an organic solvent may be
used. Examples of organic solvents include alcohols such as
cthanol, propanol, pentanol, hexanol, and ethyleneglycol,
esters such as ethyleneglycolmonomethylether, ketones such
as methylethylketone, alkanes such as hexane and octane, and
solvents such as tetrahydrofuran and chloroform. As a mix-
ture of water and an organic solvent, a mixture of water and
alcohol and a mixture of water and tetrahydroturan may be
used. Next, the profile S1 nanowires 406 may be arranged 1n
the following manner. For example, a mold with a plurality of
grooves 1n a desired shape 1s brought into close contact with
the area where the nanowires 406 should be arranged, and the
dispersant 1n which the nanowires are dispersed 1s made to
flow through those grooves (which1s called a “tlow process”™).
If such a flow process 1s adopted, the locations and shapes of
the nanowires can be controlled with the shape of the mold,
and the direction of the nanowires can be defined by the flow
of the liquid. That 1s to say, the nanowires can be aligned in the
molding direction.

Thereatter, as shown 1n FI1G. 14(¢), source/drain electrodes
404 and 403 are formed. Specifically, after a photoresist pat-
tern has been defined by photolithographic process, a source/
drain electrode material 1s deposited thereon by sputtering
process and then lifted off from the photoresist pattern.

As described above, by using nanowires with the p-1-p
structure for a transistor, there 1s no need to implant a dopant
into the device forming substrate or subject it to a heat treat-
ment. As a result, a high-performance transistor can be fab-
ricated by a conventional process with the variation reduced.
On top of that, as there 1s no need to implant a dopant 1nto a
substrate or subject it to a heat treatment, the manufacturing
process can be free from restrictions on the area and thermal
resistance of the substrate used.

Hereinaftter, a display that uses an organic electrolumines-
cence (organic EL) device will be described as an exemplary
clectronic device including the transistor of this preferred
embodiment.

FIG. 15 schematically illustrates the configuration of such
a display. In the display shown 1n FIG. 15, a number of pixels
415 are arranged 1n matrix on a substrate 410. Each of those
pixels 415 includes an organic EL device, around which a
circuit including a TFT 1s arranged. The organic EL device 1s
controlled by the circuit including the TFT. Also arranged on
the substrate 410 are X scan electrodes 413,Y scan electrodes
414, an X driver 411 and aY driver 412 to control the TFTs.

FIG. 16 illustrates the circuit to be arranged around each
pixel. In this case, each pixel 415 1s controlled by a switching
transistor 416 and a driver transistor 417. The Y driver 412
(shown 1n FIG. 15) applies a voltage to the source electrode of
the switching transistor 416 by way of one of the Y scan
clectrodes 414. The drain electrode of the switching transistor
416 1s electrically connected to the gate electrode of the driver
transistor 417. The drain electrode of the driver transistor 417
1s electrically connected to a pixel electrode (not shown) that
1s arranged at the bottom of the pixel. Also, a voltage to make
the pixel produce electroluminescence 1s applied to the
source electrode of the driver transistor 417.

On the other hand, an 1mage signal voltage 1s applied to the
gate electrode of the switching transistor 416 from the X
driver 411 by way of one of the X scan electrodes 413. on
receiving the image signal voltage, the switching transistor
applies a voltage to the gate electrode of the driver transistor
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417. As aresult, a voltage 1s applied from the driver transistor
to the pixel electrode. Although not shown, a transparent
clectrode 1s actually arranged over the pixel. And when a
voltage 1s applied between the pixel electrode and the trans-
parent electrode, the pixel produces electroluminescence.

Embodiment 4

Hereinafter, ananowire light-emitting diode (LED) includ-
ing the semiconductor nanowires of the present invention will
be described as a fourth specific preferred embodiment of the
present invention. The light-emitting diode of this preferred
embodiment has a light-emitting area 1n which a number of
heterostructure nanowires, each having two regions with
mutually different compositions, are arranged. The hetero
nanowires of this preferred embodiment may consist of GaAs
and GaAsP as already described for the second preferred
embodiment.

FIG. 17(a) 1s a cross-sectional view 1llustrating the struc-
ture of a GaAs/GaAsP hetero nanowire 500 according to this
preferred embodiment, and FIG. 17(b) 1s a perspective view
illustrating a nanowire light-emitting diode 503 that uses the
GaAs/GaAsP hetero nanowires 500. The structure of this
nanowire light-emitting diode 503 will be described.

The GaAs/GaAsP hetero nanowire 500 shown in FIG.
17(a) has a heterostructure in which a GaAs layer 501 and a
GaAsP layer 502 have been connected together.

The nanowire light-emitting diode 3503 shown in FIG.
17(b) 1ncludes first and second electrodes 505 and 506 that
contact with the GaAs/GaAsP hetero nanowires 500 and their
supporting substrate 504. The GaAs/GaAsP hetero nanowires
500 make electrical contact with the first and second elec-
trodes 503 and 506.

Each of the first and second electrodes 505 and 506 func-
tions as either an anode or a cathode. When a voltage 1s
applied to these electrodes, the anode and the cathode will
inject holes and electrons, respectively, into the GaAs/GaAsP
hetero nanowires 500. Those carriers injected will recombine
with each other at the heterojunction between the GaAs layer
501 and GaAsP layer, thereby producing luminescence.

The substrate 504 shown in FIG. 17(d) may be a plastic
substrate made of polyimide or an aromatic ester, a glass
substrate, or a sapphire substrate, or any of various other
substrates. Examples of preferred materials for the first and
second electrodes 505 and 506 include metals such as tita-
nium, gold, aluminum and nickel, conductive polymers, poly-
silicon, and alloys of a semiconductor material and a metal
such as titanium silicide.

The nanowire light-emitting diode of this preferred
embodiment includes nanowires with low defect density, thus
realizing a light-emitting device with high luminous efficacy
and a long life.

INDUSTRIAL APPLICABILITY

A method for fabricating a nanowire according to the
present nvention contributes to making nanowires with a
controlled structure by performing a simple manufacturing
process, and therefore, can be used effectively to mass-pro-
duce such nanowires. The nanowires of the present invention
are applicable for use 1n various electronic devices and micro
devices including transistors and memories.

The mvention claimed 1s:

1. A method for fabricating a semiconductor nanowire that
has first and second regions, the method comprising:

putting a catalyst particle on a substrate;
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growing the first region from the catalyst particle with a

vapor-liquid-solid phase (VLS) grower;

forming a protective coating on a sidewall of the first

region; and

growing the second region extending from the first region

with the VLS grower.

2. The method of claim 1, wherein a conductivity type of
the first region 1s one of N and P types and a conductivity type
of the second region 1s an other of N and P types.

3. The method of claim 1, wherein a conductivity type of
the first region 1s the same as a conductivity type of the second
region, and wherein an electrical conductivity of the second
region 1s lower than an electrical conductivity of the first
region.

4. The method of claim 1, wherein the catalyst particle
comprises one of a metal and an alloy of a metal and further
comprises a semiconductor.

5. The method of claim 1, wherein the second region com-
prises a semiconductor material doped with a dopant element.

6. The method of claim 5, wherein at a growth temperature
of the second region, a solid solubility of the dopant element
with respect to the catalyst particle is at most 1x10" atoms/
cm’.

7. The method of claim 6, wherein the first and second
regions comprise a semiconductor material that includes at
least one element selected from a group consisting of S1, Ge
and C.

8. The method of claim 5, wherein the dopant element
comprises at least one element selected from a group consist-
ing of B, P, As and Sb.

9. The method of claam 1, wherein, when growing the
second region, a constituent element of the second region
diffuses through the protective coating and does not diffuse to
the first region.

10. The method of claim 9, wherein the protective coating
includes at least one film selected from a group consisting of
a silicon dioxide film, a silicon oxynitride film and a silicon
nitride film.

11. The method of claim 1, wherein a bandgap of the first
region 1s different from a bandgap of the second region.

12. The method of claim 11, wherein the second region
comprises at least two different elements and wherein at a
growth temperature of the second region, a solid solubility of
at least one of the at least two different elements of the second
region with respect to the catalyst particle is at most 1x10"'”
atoms/cm’.

13. The method of claim 1, wherein the protective coating
1s formed by thermally oxidizing the first region.

14. A semiconductor nanowire comprising:

a first region including a dopant in a concentration of at

least 1x10"” atoms/cm’;

a second region, arranged continuously with the first region

in a longitudinal direction thereof and including one of a
first dopant in a concentration of at most 1x10'® atoms/
cm” and no dopant; and

a third region arranged continuously with the second

region 1n the longitudinal direction thereof and includ-
ing a second dopant in a concentration of at least 1x10"”
atoms/cm”.

15. A semiconductor device with the semiconductor
nanowire of claim 14, comprising:

a source electrode connected to the first region of the semi-

conductor nanowire;

a drain electrode connected to the third region of the semi-

conductor nanowire;

a gate electrode facing the second region of the semicon-

ductor nanowire; and
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a gate mnsulating film arranged between the second region
and the gate electrode.

16. A semiconductor nanowire, comprising:

a first region 1ncluding a dopant;

a second region having a lower dopant concentration than
the first region and arranged continuously with the first
region in a longitudinal direction thereof;

a third region, which has having a higher dopant concen-
tration than the second region and arranged continu-
ously with the second region in the longitudinal direc-
tion thereof;

a first sidewall arranged on a side surface of the first region
and including a first polycrystalline material; and

a second sidewall arranged on a side surface of the third
region and including a second polycrystalline material,

wherein the first sidewall and the second sidewall are not
arranged on a side surface of the second region.
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17. The semiconductor nanowire of claim 16, wherein a
thickness of the first sidewall and a thickness of the second
sidewall one of increase and decrease 1n a direction extending
toward the second region.

18. A semiconductor device with the semiconductor
nanowire of claim 16, the device comprising:

a source electrode connected to the first region of the semi-

conductor nanowire;

a drain electrode connected to the third region of the semi-

conductor nanowire;

a gate electrode facing the second region of the semicon-

ductor nanowire; and

a gate msulating film arranged between the second region

and the gate electrode.
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